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Tiae  and  State  Resolved  Studies  of  Molecular  Decomposition 

(DAAG29-85-K-0122) 


Abstract 


Molecular  decompositions  often  control  complex  chemical 
reactions  by  producing  a  highly  reactive  fragment  that  determines 
the  subsequent  chemistry.  Despite  the  importance  of  such 
processes,  there  is  little  detailed  information  available  for 
testing  theoretical  models  and  guiding  the  analysis  of  practical 
systems.  This  report  describes  experiments  that  produce, 
characterize,  and  dissociate  highly  energized  molecules  in  order 
to  uncover  the  details  of  molecular  decomposition.  These 
experiments  are  able  to  explore  decompositions  solely  in  the 
ground  electronic  state  by  vibrational  overtone  induced  dissocia¬ 
tion,  to  investigate  the  role  of  vibrational  excitation  in 
electronic  photodissociation  using  vibrational ly  mediated 
photodissociation,  and  to  identify  primary  fragments  and  determine 
the  kinetic  energy  release  in  electronic  photodissociation  using 
energy  selective  ionization. 
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Introduction 

Our  work  supported  by  the  Army  Research  Office  (DAAG29-85-K- 
0122)  has  been  directed  toward  producing,  characterizing,  and 
dissociating  highly  energized  molecules.  Our  production  of  highly 
vibrationally  excited  molecules  uses  one-photon  excitation  of 
overtone  vibrations,  and  we  have  employed  this  excitation  for 
vibrational  overtone  induced  dissociation  in  several  molecules  in 
both  room-temperature  gases  and  in  cold  supersonic  expansions  in 
order  to  determine  unimolecular  reaction  rates  and  product  energy 
partitioning.  We  have  also  developed  the  technique  of  vibration- 
ally  mediated  photodissociation,  in  which  we  electronically  photo- 
dissociate  a  highly  vibrationally  excited  molecule,  both  as  a 
means  of  characterizing  initially  prepared  vibrational  states  and 
of  producing  unique  electronic  photodissociation  dynamics.  In  a 
somewhat  different  approach,  we  have  implemented  an  energy- 
selective  electron  impact  ionization  scheme  for  identifying  the 
primary  products  of  a  dissociation  and  measuring  their  kinetic 
energy.  This  report  describes  our  work  in  each  of  these  three 
areas  along  with  the  approaches  we  have  developed. 

Vibrational  Overtone  Induced  Dissociation 

We  have  studied  the  vibrational  overtone  induced  dissoci¬ 
ation  of  several  molecules  ranging  from  the  small  tetra-atomic  and 


12  3  4 

penta-atomic  molecules  H00H  '  '  and  H0N0o  to  very  large  species 
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such  as  tetramethyldioxetane ,  which  contains  20  atoms.  In  these 
experiments,  we  prepare  a  highly  vibrationally  excited  molecule  by 
laser  excitation  of  an  overtone  vibration  and  then  interrogate  the 

products  spectroscopically  using  either  product  chemilumi- 

3  6  1—3 

nescence  '  or  laser  induced  fluorescence.  The  latter 

technique  determines  the  population  of  individual  product  quantum 
states  as  well  as  providing  rate  information. 

We  have  taken  two  approaches  to  determining  the  unimolecular 
reaction  rates  of  molecules  with  excited  overtone  vibrations.  One 
is  quite  direct  in  that  we  spectroscopically  monitor  the  appear¬ 
ance  of  reaction  products  as  a  function  of  time.  Because  the  10 
ns  duration  of  our  laser  pulses  determines  the  time  resolution  of 
this  method,  we  apply  it  to  large  molecules  whose  unimolecular 

5 

reaction  rates  are  slow  enough  to  be  resolved.  Our  second 
approach  is  a  more  inferential  scheme  in  which  we  attempt  to 
observe  single,  homogeneous  lines  in  a  vibrational  overtone 
spectrum  and  determine  the  unimolecular  reaction  rate  from  the 

3 

widths  of  these  features.  This  technique  is  complementary  to  the 
first  since  it  is  best  applied  to  small  molecules  that  react  so 
rapidly  that  the  resulting  linewidth  substantially  exceeds  our 
limiting  laser  resolution  of  about  0.05  cm  1.  Performing  both 
experiments  on  molecules  cooled  in  a  free  jet  expansion  is  an 
important  aspect  of  our  approach  since  it  reduces  the  distribution 
of  initial  thermal  energies  in  large  molecules6  and  provides  the 
spectral  simplification  required  to  observe  isolated  features  in 

3 

small  molecules. 


Direct  Measurements .  -  The  energy  level  diagram  in  Pig.  1 
illustrates  the  application  of  our  technique  to  tetramethyl- 
dioxetane  (TMD).  Excitation  in  the  regions  of  the  two  overtone 
transitions  4vCH  and  5vCH  and  of  the  combination  band  4vCH  +  vdef 
adds  sufficient  energy  to  the  molecule  for  it  to  decompose  to 
produce  electronically  excited  acetone.  Observing  the  time 
evolution  of  the  emission  from  the  chemiluminescent  product  is  a 
means  of  monitoring  the  progress  of  the  vibrational  overtone 
initiated  dissociation  directly.  We  know  the  added  energy  is  that 
of  the  photon  hv  but  have  no  control  over  the  amount  of  thermal 
excitation  that  a  particular  molecule  possesses  in  experiments  in 
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Figure  2 
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room- temperature  gases.  Consequently,  we  must  average  any 
theoretical  calculation  for  comparison  with  experiment.  We 
overcome  this  limitation  by  inducing  the  decomposition  in  a 
supersonic  expansion  where  the  range  of  initial  energies  is  quite 
small . 

Figure  2  shows  the  time-evolution  of  products  from  the 
vibrational  overtone  induced  decomposition  of  TMD  in  a  free-jet 
expansion.  The  growth  of  products  reflects  the  unimolecular 
dissociation  rate,  which  we  extract  from  the  data  by  means  of  the 
fit  that  is  shown  as  a  solid  curve.  This  reaction  rate  of 
0.52±0.10  P s  1  is  the  point  of  comparison  with  a  statistical 
(RRKM)  theory  of  unimolecular  reactions.  We  are  able  to  reproduce 

5 

this  value  with  a  RRKM  calculation  and,  most  important,  are  able 

to  use  that  calculation  to  describe  all  of  the  room- temperature 

vibrational  overtone  induced  dissociation  data  for  excitation  of 

the  41/^,  3vch  +  vdef,  and  5vCH  vibrational  overtone 
5 

transitions . 

Indirect  Measurements.  -  The  spectrum  of  the  6vQH  vibrational 
overtone  region  for  hydrogen  peroxide  molecules  cooled  in  a 
supersonic  expansion,  shown  in  Fig.  3(e),  is  the  means  by  which  we 
infer  the  dissociation  rate  of  that  excited  molecule.  Figure  4 
shows  the  energetics  for  the  vibrational  overtone  induced 
decomposition  (Figure  4(a)  and  4(b)]  as  well  as  those  for  the 
vibrationally  mediated  mediated  photodissociation  to  be  discussed 
below  [Figure  4(c)  and  4(d)].  The  decomposition  of  hydrogen 
peroxide  requires  about  210  kJ  mol  1  of  energy  and  produces  two  OH 
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fragments  that  we  detect  by  laser  induced  fluorescence 

HOOH  -  OH  +  OH. 

The  width  of  the  features  in  the  region  of  the  6VqH  transition, 
which  excites  the  HOOH  above  its  dissociation  threshold,  is 


Figure  3  Figure  4 

significantly  greater  than  that  of  features  in  the  region  of  the 
4v_  [Figure  3(c)]  transition,  which  adds  too  little  energy  to 

dissociate  the  molecule.  If  the  1.5±0.3  cm-1  width  of  the  feature 
at  18,942.5  cm-1  arises  entirely  from  coupling  into  the  continuum, 
the  dissociation  lifetime  is  t  =  3.5  ps,  corresponding  to  an  upper 

limit  to  the  rate  constant  of  k  =  2.9  X  1011  s  1.  Because  the 
cooling  in  the  supersonic  expansion  ensures  that  the  HOOH 
molecules  have  a  total  energy  equal  to  the  photon  energy  and  that 
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they  possess  very  little  angular  momentum,  the  measurement 
approaches  a  determination  of  the  detailed  rate  constant  k(E,J) 
required  for  the  most  complete  comparison  to  the  predictions  of 
statistical  theories. 

The  rate  constant  inferred  from  the  linewidth  is  consistent 
with  two  rather  different  calculations  of  the  lifetime  of 

2  10 

H00H( evQjj)  .  It  agrees  with  both  a  statistical  calculation,  ' 
which  assumes  complete  energy  redistribution,  and  a  trajectory 
calculation, 11  which  finds  that  energy  randomization  is 
incomplete.  Determining  the  limits  of  applicability  of 
statistical  models  in  hydrogen  peroxide  requires  other  diagnostics 
of  the  dynamics  of  the  decomposition  process,  and  the  product 
state  distributions  for  HOOH  cooled  in  a  free  jet  expansion  are 
likely  to  be  helpful  in  this  regard. 

Product  State  Distributions.  -  The  distribution  of  the  products  of 
a  photodissociation  among  their  quantum  states  is  potentially  a 
sensitive  probe  of  the  decomposition  dynamics.  Our  measurements 
of  the  populations  of  the  rotational  states  of  the  OH  product  of 
the  vibrational  overtone  initiated  decomposition  of  hydrogen 
peroxide  and  of  nitric  acid  are  a  means  of  comparing  different 
statistical  theories  of  unimolecular  decomposition. 

The  distributions  of  products  of  the  dissociation  of  HOOH 

among  their  rotational  states  for  excitation  near  threshold  (5vqH) 

and  well  above  threshold  ( 6v0H )  differ  substantially.  Figure  5 

collects  the  experimental  results  (solid  bars)  for  excitation  in 

2  12 

the  region  of  the  two  transitions.  1  The  lowest  rotational 
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state  is  the  most  highly  populated  for  fragments  produced  by 

excitation  in  the  region  of  the  5v0(I  transitions,  but  the  most 

populated  rotational  state  in  the  fragments  produced  by  excitation 

in  the  region  of  the  transition  is  about  N  =  4  or  5 .  We  have 

used  these  distributions  for  comparisons  with  two  statistical 

1 3 

theories  of  unimolecular  decomposition,  phase  space  theory  (PST) 

14 

and  the  statistical  adiabatic  channel  model  (SACM).  Both  models 
explicitly  conserve  energy  and  angular  momentum,  but  differ  in 
their  treatment  of  the  interaction  potential  between  the 


Figure  5 


separating  fragments.  This  causes  the  statistical  adiabatic 
channel  model  to  predict  less  rotational  excitation  in  the 
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products  than  does  the  phase  space  theory.10 

As  Figure  5  shows,  both  the  phase  space  theory  (hatched 
bars)  and  the  statistical  adiabatic  channel  model  (open  bars) 
predict  qualitatively  similar  distributions  of  products  following 
excitation  in  the  6vQH  region,  but  the  situation  is  drastically 
different  for  excitation  of  transitions  in  the  5vQH  region.  The 
SACM  prediction  agrees  with  the  experimental  results  quite  well, 
but  phase  space  theory  predicts  substantially  more  rotational 
excitation  than  we  observe  experimentally.  This  comparison  of  the 
calculations  and  measurements  is  an  example  of  the  success  of  the 
statistical  adiabatic  channel  model  in  a  situation  where  phase 
space  theory  is  inadequate  and,  most  important  in  the  present 

f 

context,  demonstrates  how  product  state  distributions  permit  clear 
distinctions  between  statistical  theories. 

Our  recent  study  of  the  vibrational  overtone  induced 

4 

decomposition  of  nitric  acid 

hono2  -  OH  +  no2 

following  excitation  in  the  regions  of  the  5vQH  and  6i/qh  tran¬ 
sitions  further  illustrates  the  utility  of  measuring  product  state 

1 5 

distributions  for  comparison  to  theory.  The  distributions  are 

qualitatively  similar  to  those  for  H00H  at  the  two  levels  of 

excitation,  and  phase  space  theory  fails  in  a  similar  manner.  We 

are  currently  performing  statistical  adiabatic  channel  model 

calculations  to  complete  the  comparison.  These  observations  for 

HOOH  and  HONC>2  are  particularly  interesting  in  light  of  recent 

photofragment  measurements  of  product  state  distributions  for 

16 

ketene  on  the  ground  singlet  surface  by  Moore  and  coworkers. 
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They  find  the  PST  describes  their  results  well  while  the  SACM 
using  the  standard  parameter  is  inadequate.  Wittig  and 
coworkers  '  have  previously  drawn  similar  conclusions  about 
NCNO  decomposition  with  small  excess  energies.  The  challenge  is 
to  understand  the  features  that  distinguish  systems  that  satisfy 
PST  from  those  that  satisfy  the  SACM. 

Vibrationally  Mediated  Photodissociation 

The  schematic  drawing  of  a  ground  state  potential  energy 

surface  and  a  repulsive  electronically  excited  surface  shown  in 

Figure  6  illustrates  vibrationally  mediated  photodissociation  for 

3  18 

a  HOX  molecule.  (In  our  applications  to  date,  X  is  OH,  N02 
19 

and  t-BuO  . )  This  diagram  shows  the  surfaces  along  the  bound 
stretching  coordinate  (the  OH  stretching  vibration)  and  the 
dissociative  coordinate  (the  OX  stretching  vibration).  The  OH 
vibration  is  bound  in  both  the  ground  and  electronically  excited 
states,  but  the  OX  vibration  is  unbound  in  the  latter.  Conven¬ 
tional  photodissociation  excites  a  molecule  from  a  region  near  the 
minimum  on  the  lower  surface  to  the  repulsive  upper  surface,  but 
the  two-step  vibrationally  mediated  photodissociation  process 
first  excites  a  high  vibrational  level  of  the  ground  electronic 
state  and,  subsequently,  dissociates  the  vibrationally  excited 
molecule  with  a  second  photon.  Thus,  the  dissociation  occurs  from 
a  rather  different  part  of  the  ground  state  potential  energy 


11 


Figure  6 


surface  than  does  the  usual  one-photon  process.  The  energies  of 
the  excitation  photon  (x^)  and  dissociation  photon  (x2)  shown  in 
Figure  6  are  each  insufficient  to  dissociate  the  molecule  from  its 
equilibrium  geometry,  and  the  dissociation  by  the  second  photon 
must  occur  from  a  region  in  which  the  extension  of  the  OX 
coordinate  brings  the  ground  and  excited  electronic  surfaces 
closer  than  in  the  equilibrium  configuration.  Vibrationally 
mediated  photodissociation  allows  us  to  assess  the  nature  of  the 
state  prepared  by  vibrational  overtone  excitation  and  to  observe 
differences  in  the  electronic  dissociation  dynamics  of  vibration- 
ally  excited  molecules.  Both  types  of  information  come  from  the 
participation  of  usually  inaccessible  parts  of  the  ground  and 
electronically  excited  potential  energy  surfaces  in  the 
vibrationally  mediated  photodissociation. 
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Vibrational  Overtone  Spectroscopy.  -  An  extension  of  the  local 

mode  model  using  a  zero-order  state,  which  carries  the  oscillator 

20—2 1 

strength  for  the  transition,  coupled  to  background  states 
provides  an  extremely  useful  connection  between  spectral  obser¬ 
vations  and  couplings  within  a  molecule.  A  central  goal  of  our 
vibrational  overtone  spectroscopy  is  obtaining  a  description  of 
the  initially  excited  state  as  an  admixture  of  zero-order  states 
about  which  one  has  good  chemical  intuition.  This  is  possible 
using  vibrationally  mediated  photodissociation  because  the 
intensities  of  the  transitions  reflect  the  degree  to  which  motion 
along  the  dissociation  coordinate  (OX)  is  coupled  with  the  local 
mode  vibration  corresponding  to  the  zero-order  state  carrying  the 
transitions  strength  (OH  stretching) .  Because  only  those  initial 
states  that  have  a  significant  amount  of  OX  stretching  character 
can  absorb  the  dissociation  photon  for  the  energetic  situation 
illustrated  in  Figure  6,  the  production  of  fragments  signals  the 
participation  of  the  zero-order  OX  stretching  state.  Varying  the 
vibrational  overtone  excitation  wavelength  (y^)  produces  an 
excitation  spectrum  of  those  molecules  that  absorb  a  second  photon 
to  dissociate  to  yield  a  fragment  in  the  probed  product  state. 

The  room  temperature  and  free  jet  spectra  for  H00H(4vQH)  (Figure 
3)  obtained  by  this  scheme  demonstrate  the  utility  of  vibration- 
ally  mediated  photodissociation  as  a  spectroscopic  technique. 
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Photofragaent  Product  State  Distributions.  -  We  measure  the 
distribution  of  the  OH  products  of  vibrationally  mediated  photo¬ 
dissociation  among  their  quantum  states  by  laser  induced 
fluorescence  and  determine  the  product  recoil  energy  from  the 
Doppler  widths  of  the  probe  transitions.  For  hydrogen  peroxide, 
this  allows  us  to  assess  the  energy  disposal  completely  while  we 
can  only  infer  the  internal  energy  of  the  other  fragment  for 
nitric  acid  (X=N02)  and  t-butylhydroperoxide  (X=t-BuO) .  The  larger 
NO 2  and  t-BuO  fragments  from  nitric  acid  and  t-butylhydroperoxide 
acquire  a  considerably  greater  fraction  (783s  and  8935, 
respectively)  of  the  available  energy  as  internal  excitation  than 
do  the  OH  fragments  from  hydrogen  peroxide,  which  obtain  only  2935 
of  the  total.  The  large  amount  of  average  internal  energy  (19  500 
cm  *)  in  the  N02  fragment  suggests  excitation  of  its  low  lying 
electronic  states,  a  possibility  that  we  plan  to  explore. 

The  production  of  vibrationally  excited  fragments  in  the 

vibrationally  mediated  decomposition  of  H00H  and  H0N02  reflects  a 

striking  change  in  the  dissociation  dynamics  compared  to  the  case 

of  one-photon  ultraviolet  dissociation.  Ultraviolet  dissociation 

22  23  24  25 

of  hydrogen  peroxide  at  x=355  nm,  266  nm,  248  nm,  '  and 
2  6 

even  193  nm  produces  no  vibrationally  excited  OH  fragments 
compared  to  1035  to  2035  for  the  vibrationally  mediated  process, 
depending  on  the  energy  of  the  dissociating  photon  (\2).  (The 
vibrationally  mediated  photodissociations  use  either  Xj*x2»750  nm 
or  Xj=750nm  and  x2=532  nm) .  The  enhanced  vibrational  excitation 
is  not  an  energetic  effect,  since  the  ultraviolet  excitation  adds 
a  larger  amount  of  energy,  but  rather  arises  from  the  vibrational 
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excitation  influencing  the  dynamics  of  the  dissociation.  Nitric 

acid  behaves  similarly  in  that  vibrationally  mediated 

photodissociation  produces  about  5 %  vibrationally  excited  OH 
18  19  27 

fragments  '  '  compared  to  none  in  the  case  of  280  nm  one- 

28 

photon  dissociation. 

Energy  Selective  Electron  Impact  Ionization 

We  have  recently  demonstrated  a  scheme  in  which  we  use 

energy  selective  electron  impact  ionization  to  identify  the 

primary  products  of  an  electronic  photodissociation  and  to  measure 

29 

the  kinetic  energy  released  into  the  fragments  .  The  first 
application  is  the  most  important  in  the  context  of  this  proposal, 
and  the  following  briefly  describes  the  approach  in  general  along 
with  its  application  to  the  dissociation  of  methyl  iodide  (CHgl). 

The  completion  of  our  molecular  beam  apparatus  for  these 
studies  has  been  an  important  activity  during  this  period  of  Army 
Research  Office  support,  and  the  success  of  these  new  experiments 
reflects  that  effort.  The  apparatus  consists  of  a  separately 
pumped  source  that  produces  a  skimmed,  pulsed  molecular  beam  that 
enters  a  differentially  pumped  time-of-f light  mass  spectrometer. 

The  heart  of  the  energy  selective  ionization  experiments  is  a 
pulsed,  low-energy  electron  gun  that  produces  space  charge  limited 

currents  at  energies  as  low  as  a  few  eV  with  an  energy  distribu- 

30  31 

tion  characterized  by  T«sl300  K  (2kT=0.2  eV)  .  '  (The  large 

ionizer  of  the  mass  spectrometer  is  also  designed  to  accommodate 
laser  ionization  techniques.) 


Figure  7  shows  the  energetics  of  applying  energy  selective 
electron  impact  ionization  to  photodissociation.  We  adjust  the 
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electron  energy  to  be  between  the  ionization  potential  of  that 
fragment  we  wish  to  probe  [IP(A)]  and  the  appearance  potential  of 
the  fragment  from  the  precursor  molecule  [AP(A)]  so  as  to  observe 
signal  at  the  mass  of  A+  that  comes  only  from  the  photofragment . 
Because  the  ion  detection  is  mass  selective,  this  is  a  means  of 
identifying  the  primary  photof raoments  using  a  universal  detection 
scheme.  The  energetic  discrimination  shown  in  Figure  7  applies  to 


Figure  7 


all  systems  in  which  the  appearance  potential  of  a  fragment 
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exceeds  the  Ionization  potential  of  that  fragment  from  the 
precursor  molecule,  a  situation  that  obtains  generally  except  for 
unusual  cases  where  extensive  fragment  reai rangement  makes  the 
dissociation  very  exothermic.  Because  electron  impact  ionization 
is  a  general  detection  technique,  we  can  study  photodissociation 
processes  that  produce  fragments  that  are  impossible  to  detect  by 
resonant  laser  ionization  or  laser  induced  fluorescence.  The 
essential  features  of  this  approach  are  that  the  energy  spread  of 
*#0.2  eV  from  our  electron  gun  is  considerably  less  than  typical 
bond  dissociation  energies  of  2  to  3  eV  and  that  the  electron  gun 
operates  efficiently  at  low  electron  energies.  We  have  demon¬ 
strated  this  technique  with  CHgl  dissociation  at  wavelengths  of 

266  nm  and  230  nm  by  detecting  both  the  CH3  fragment  and  the  I 

29  + 

fragment.  Figure  8  shows  that  we  detect  no  I  above  the 

background  level  when  the  electron  energy  is  less  than  the 

appearance  potential  of  I+  from  CHgl  unless  we  first  photo- 

dissociate  CHgl  to  produce  I  (lower  curve). 

Energy  selective  electron  impact  ionization  combined  with 
time-of-f light  mass  spectrometry  provides  information  about  the 
disposal  of  energy  into  relative  translation  as  well.  Fragments 
that  recoil  toward  the  detector  arrive  sooner  than  those  with  no 
component  of  momentum  in  that  direction  while  those  that  recoil 
away  arrive  later.  Although  this  time  difference  is  a  small 
fraction  of  the  total  flight  time,  we  can  easily  detect  it  in  the 
shapes  of  the  mass  peaks.  Figure  9  shows  arrival  time  distribu¬ 
tions  of  the  iodine  ions  from  electron  impact  ionization  of  the 
iodine  atoms  formed  in  the  photolysis  of  CH  I  at  266  nm  (upper 

•3 


t 


panel)  and  230  nm  (lower  panel).  Each  panel  shows  the 
distribution  for  tho  photolysis  laser  being  polarized  along 
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Figure  9 


(vertical)  or  at  a  right  angle  (horizontal)  to  the  axis  of  the 

flight  tube  in  the  mass  spectrometer.  The  shapes  of  the  features 

are  exactly  analogous  to  those  obtained  in  Doppler  scanning  of 
32 

transitions.  Our  technique  and  analysis  approach  is  quite 

similar,  except  for  minor  technical  details  about  mass 

spectrometer  operation,  to  one  developed  contemporaneously  by 

33 

Houston  and  coworkers  using  resonant  multiphoton  ionization  of 
the  fragments.  The  effect  of  kinetic  energy  release  is  most 
apparent  for  the  laser  polarized  along  the  flight  tube  axis  (left 
hand  side  of  the  figure) .  The  separation  of  the  two-maxima  yields 
the  kinetic  energy  release,  which  is  the  same  at  266  nm  as  found 
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34  35 

In  angularly  resolved  photofragmentation  experiments  '  and  is 

about  60%  larger  for  230  nm  photolysis. 

The  shape  of  the  features  also  carries  information  about  the 

anisotropy  of  the  recoil  distribution,  and  our  measurement  at  230 

nm  is  the  first  determination  at  that  wavelength.  Our  value  of 

the  anisotropy  parameter  at  230  nm,  P=1.6,  shows  that  the 

29 

transition  is  predominantly  parallel.  We  are  able  to  conclude 

that  the  entire  absorption  band  is  dominated  by  a  parallel 

transition,  in  disagreement  with  a  deconvolution  of  magnetic 

3  6 

circular  dichroism  data.  Because  we  collect  all  of  the  ions,  we 
are  able  to  work  at  lower  laser  fluences  than  required  in  fully 
angularly  resolved  experiments,  but  this  sensitivity  comes  at  the 
price  of  a  reduction  in  the  resolution  of  the  recoil  energy 
distribution.  The  potential  of  this  approach  lies  in  its  ability 
to  identify  primary  photofragmentation  products  by  universal 
detection  and  to  provide  an  assessment  of  the  kinetic  energy 
release  at  many  different  photoylsis  wavelengths. 
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